The correct identity and functional capacity of transplanted dopamine (DA) neurons derived in vitro from embryonic stem (ES) cells is a critical factor for the development of an ES cell-based replacement therapy for Parkinson's disease. We transplanted primate Cyno-1 ES cells differentiated in vitro for 4 (progenitor ES cells) or 6 (differentiated ES cells) weeks, or control fetal primate cells into the striatum of hemi-parkinsonian rats. Partial behavioral recovery in amphetamine-induced rotation was correlated with the number of ES-derived tyrosine hydroxylase-positive (TH +) neurons in the grafts (r ¼ 0.5, P < 0.05). Post mortem analysis of ES-derived grafts revealed TH + neurons with mature morphology, similar to fetal DA neurons, and expression of midbrain transcription factors, such as Engrailed (En) and Nurr-1. While the total number of TH + neurons was not different between the two groups, TH ⁄ En co-expression was significantly higher (> 90%) in grafts from differentiated ES cells than in grafts derived from progenitor cells (< 50%), reflecting a more heterogeneous cellular composition. Within the grafts there was an overlap between ES-derived TH + axonal arbors and clusters of primate ES-derived striatal neurons expressing brain factor 1 (Bf-1, Foxg1) and DA and cAMPregulated phosphoprotein (DARPP-32). Such overlap was never observed for other regional transcription factors that define neighboring forebrain domains in the developing brain, such as Nkx2.1 (medial ganglionic eminence), Nkx2.2 (pallidal and diencephalic progenitors) or Pax6 (dorsal telencephalic progenitors). Despite the heterogeneity of ES-derived graft cell composition, these results demonstrate normal phenotypic specification, conserved natural axonal target selectivity and functionality of DA neurons derived from primate ES cells.
Introduction
Dopamine (DA) neurons can be obtained from human and primate embryonic stem (ES) cells using different strategies (Reubinoff et al., 2001; Ben-Hur et al., 2004; Perrier et al., 2004; Sanchez-Pernaute et al., 2005; Takagi et al., 2005; Yan et al., 2005) . In vivo, survival and, subsequently, function of these DA neurons following transplantation into rodents and primates has been limited (Ben-Hur et al., 2004; Park et al., 2005; Sanchez-Pernaute et al., 2005; Takagi et al., 2005; Brederlau et al., 2006) .
Our in vitro inductive differentiation protocol (Perrier et al., 2004; Sanchez-Pernaute et al., 2005) recapitulates the regionalization process at the midbrain organizer during embryonic development by exposing the cells after neural induction to sonic hedgehog (SHH) and fibroblast growth factor (FGF) 8 (Ye et al., 1998) . These two molecules are also required for induction of ventral forebrain (Echevarria et al., 2003) and, in vivo, we have described that a majority of primate cells expressed the forebrain transcription factor, brain factor 1 (Bf-1 or Foxg-1) . Importantly, the lateral ganglionic eminence (LGE) where the medium-size spiny striatal neurons [the target of ventral midbrain (VM) DA neurons] originate is located within the Bf-1-positive domain in the developing telencephalon, together with the medial ganglionic eminence and the pallium (Tao & Lai, 1992) . Forebrain subregionalization is characterized by timed expression of certain transcription factors (Corbin et al., 2003) , such as Nkx2.1 and Nkx2.2, which are developmentally regulated and can be used to identify progenitor and neuronal populations.
In this study we show that DA neurons generated from primate parthenogenetic ES cells can compensate motor asymmetry and express in vivo typical midbrain transcription factors and phenotypic markers. Further supporting the correct specification of these ESderived DA neurons, we provide evidence of appropriate innervation by ES-derived midbrain-like DA neurons of their natural developmental target, the striatal neural progenitors present in the grafts.
Materials and methods

ES cell propagation and differentiation into DA neurons
The experiments were performed using the primate parthenogenetic ES cell line Cyno-1 kindly provided by J. Cibelli, Michigan State University (Cibelli et al., 2002; Vrana et al., 2003) . In order to induce differentiation of ES cells into midbrain DA neurons, we used the protocol described in our recent study . Briefly, cells were plated on a confluent layer of irradiated (50 Gy) stromal feeder cell line (MS5) and grown in serum replacement medium. At day 9, SHH (200 ng ⁄ mL) and FGF8 (100 ng ⁄ mL) were added to the medium. After 12 days cultures were switched to N2 medium modified according to Johe et al. (1996) in the presence of SHH, FGF8, brain-derived neurotrophic factor (BDNF; 20 ng ⁄ mL) and ascorbic acid (AA, 0.2 mm). At day 16, SHH and FGF8 were withdrawn until day 21. At day 21, rosettes structures containing neural precursors were manually isolated and replated on polyornithine (15 lg ⁄ mL) ⁄ laminin (1 lg ⁄ mL)-coated culture dishes in N2 medium supplemented with SHH, FGF8, AA and BDNF. After 1 week, cells were mechanically passaged and replated in the same conditions for 7 additional days. Cells were finally differentiated in the presence of BDNF, glial-derived neurotrophic factor (GDNF; 10 ng ⁄ mL), dibutyryl cAMP (1 mm) and AA for 1 week.
6-Hydroxydopamine (6-OHDA) lesion and behavioral analysis All animal studies were performed following NIH guidelines, and were approved by the IACUC at McLean Hospital and HMS. 6-OHDA-lesioned adult female Sprague-Dawley rats (200-250 g) were purchased from Charles River Laboratories and Taconic. The animals were unilaterally lesioned by 6-OHDA injection (8 lg, 2 lg ⁄ lL ⁄ min) into the medial forebrain bundle (AP )4.3, Lat )1.2, DV )8.3) under sodium pentobarbital anesthesia. Rotational behavior in response to amphetamine (4 mg kg i.p.) was evaluated before and after 6, 9 and 11 or 12 weeks post-transplantation. Animals were placed (randomized) into automated rotometer bowls, and left and right full-body turns were monitored by a computerized activity monitor system.
Animals showing > 700 turns ipsilateral to the lesioned side in 90 min after a single dose of amphetamine (average 12.7 ± 0.9 turns ⁄ min) were selected for transplantation.
Cell preparation and transplantation
We transplanted Cyno-1 cells, at two maturation stages along the described differentiation protocol, at day 28 (progenitors, pES) and 42 (differentiated neurons, dES). For each maturation stage we transplanted two groups of animals: one received cells pretreated with mitomycin C, 1 lg ⁄ mL, for 90 min at 37°C (pES n ¼ 11 and dES n ¼ 8) and the other was transplanted with untreated cells (pES n ¼ 10 and dES n ¼ 8). To reduce the number of proliferative cells in the untreated pES, rosettes were manually removed from the dish before harvesting the cells for transplantation. Cells were harvested without enzymatic digestion and mechanically dissociated into a cell suspension. Acridine orange ⁄ ethidium bromide staining was used to assess cell viability. Cells were counted, re-suspended at 25 000 viable cells ⁄ lL in the final differentiation medium, and 100 000 cells were injected into two AP sites in the lesioned striatum of the rats (AP 0.6 lat )2.8 and AP )0.6 lat )3.2 from bregma, and from )5.5 to )4.5 mm ventral from dura, with the tooth bar set at )3.3). Injections were performed as previously described under ketamine/xylazine anesthesia. For each session an aliquot from the cell suspension was re-plated in polyornithine ⁄ laminin-coated coverslips for further characterization.
The following control groups were used: fetal primate DA cell transplantation (n ¼ 3, fetal VM), fetal primate striatal cell transplantation (n ¼ 4, fetal LGE) and sham (no cells, n ¼ 3). Fetal tissue was obtained from 6-7-week-old Cynomolgus monkey embryos from the UC Davis Regional Primate Center. VM and LGE dissection was performed as described (Galpern et al., 1996) , and 3 lL of the VM cell suspension ( 30 000 cells ⁄ lL; 90 000 cells; 96% cell viability) or LGE cell suspension (50 000 cells ⁄ lL) was injected in the striatum of 6-OHDA-lesioned rats, at AP 0.5, lat )3 and ventral )5 to )4 (Paxinos & Watson, 1986) . Rotations (at 6, 12 and 16 weeks) and post mortem analysis was performed as described for ES grafts.
To prevent rejection of grafted primate cells, all rats were immunosuppressed with cyclosporin A (15 mg ⁄ kg ⁄ day, Sandimmune, Sandoz, East Hannover, NJ, USA) starting 1 day prior to surgery. After 10 weeks, the dose of cyclosporin was reduced to 10 mg ⁄ kg ⁄ day.
Immunohistological and stereological procedures
Animals were terminally anesthetized with an i.p. overdose of pentobarbital (150 mg ⁄ kg), and perfused intracardially with 70 mL heparinized saline (0.1% heparin in 0.9% saline) followed by 100 mL paraformaldehyde [4% in phosphate-buffered saline (PBS)]. Brains were removed, postfixed for 4 h in 4% paraformaldehyde, equilibrated in sucrose (20% in PBS) and sectioned on a freezing microtome in 40-lm slices that were serially collected. Donor cells were identified in the rodent by using two primate-specific antibodies: human nuclear antigen (HNA) 1 : 50, Chemicon, Temecula, CA, USA; and a primate-specific neural cell adhesion molecule (NCAM) (clone eric1, 1 : 100, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Characterization of grafted cell phenotypes was performed using multiple immunofluorescence labeling with the following primary antibodies: Engrailed 1 ⁄ 2 (En, clone 4G11; 1 : 20), Islet-1 (Isl-1; 39.4D5, 1 : 100) and Nkx2.2 (all monoclonal raised in mouse) were purchased from the Developmental Studies Hybridoma Bank (DSHB, Iowa City, IA, USA). Neuronal nuclei (NeuN; 1 : 100, mouse), aromatic amino acid decarboxylase (AADC; 1 : 200, sheep) and DA transporter (DAT; 1 : 500, rat), Neurofilament 70 (NF70; 1 : 100 mouse), DA and cAMP-regulated phosphoprotein (DARPP-32; 1 : 1000, rabbit) were from Chemicon; tyrosine hydroxylase (TH; 1 : 250, rabbit or sheep), vesicular monoamine transporter (VMAT-2; 1 : 300, rabbit) were from Pel-Freez Biologics (Rogers, AR, USA); G-coupled inward rectifier K channel (Girk-2; 1 : 400, goat), Nkx2.1 (TTF1; 1 : 100, rabbit), Nurr-1 (N-20, 1 : 100, rabbit), doublecortin (1 : 250, guinea pig) and PCNA (1 : 100, mouse) were from Santa Cruz; Calbindin-D28k (1 : 2000, mouse) was from Swant (Switzerland); Bf-1 (rabbit polyclonal, 1 : 500) was a gift from Dr Lai; neuron-specific class III b-tubulin (clone TuJ1; 1 : 1000, rabbit or mouse) was purchased from Covance (Berkeley, CA, USA).
Sections were permeabilized with 0.1% Triton X-100 and incubated with primary antibodies in 10% normal serum overnight at 4°C; after rinsing, sections were incubated in fluorescence-labeled secondary antibodies (Molecular Probes, Eugene, OR, USA, 1 : 500) for 1 h at room temperature, rinsed and incubated with Hoechst 33342 (4 lg ⁄ mL). For light microscopy, biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA, USA; 1 : 300) were used, followed by incubation in streptavidin-biotin complex (Vectastain ABC Kit Elite, Vector Laboratories) for 60 min at room temperature and visualized by incubation in 3,3¢-diaminobenzidine solution with nickel enhancement (Vector Laboratories). Antigen retrieval was performed by preincubating the sections in target retrieval solution (Dako) for 20 min at 85°C. Control experiments were performed by omission of primary antibodies and by using a different combination of fluorescent secondary antibodies from Molecular Probes.
Confocal analysis was performed using a Zeiss LSM510 ⁄ Meta station (Thornwood, NY, USA). For identification of signal co-localization within a cell, optical sections were kept to a minimal thickness and orthogonal reconstructions were obtained.
Quantitative analysis was performed by systematic evaluation of series of sections (240-480 lm apart) spanning the grafts using Stereo Investigator image capture equipment and software (MicroBrightField, Williston, VT, USA). Graft volumes were calculated using the Cavalieri estimator probe. The coefficient of error was used to assess probe accuracy and P < 0.05 was considered acceptable. The areas of DARPP-32-and TH-positive regions were calculated using Neuroexplorer (MicroBrightField). Cell counts of TH + and DARPP-32 + neurons were performed on every sixth (TH) or 12th (DARPP32) section using an Axioplan microscope (Zeiss) under a 40 · lens. Only stained cells with visible dendrites were counted as neurons, and Fig. 1 . Amphetamine-induced rotation was evaluated before and (A) at 6, 9 and 11 weeks post-transplantation in animals grafted with Cyno-1 primate ES progenitors (pES, in vitro day 28) and (B) at 6, 9 and 12 weeks in animals grafted with Cyno-1 primate ES differentiated neurons (dES, in vitro day 42). The rotation scores of the animals with surviving grafts containing ‡ 200 TH + neurons are highlighted in red in (A) (pES, n ¼ 6, 417 ± 79) and (B) (dES, n ¼ 7, 425 ± 103), and shown averaged together in (C) with control transplantation groups: fetal primate midbrain [Fetal VM (ventral midbrain) , blue, n ¼ 3, 744 ± 456], served as positive control, fetal primate striatum [Fetal LGE (lateral ganglionic eminence), gray, n ¼ 4] and animals with no grafts (sham, black, n ¼ 3), which served as negative controls. Evaluation of d-amphetamine response showed a progressive reduction of motor asymmetry (ipsilateral turns ⁄ min) in animals receiving both pES and dES cells that had ‡ 200 TH + neurons at 12 weeks compared with control animals (LGE and sham). Using regression analysis we found that the improvement was correlated with the number of TH + neurons (r ¼ 0.5, P < 0.05). The primate fetal midbrain controls also improved as expected after a 16-week period.
counts from serial sections were corrected and extrapolated for whole graft volumes using the Abercrombie method (Abercrombie, 1946) . Estimation of co-expression of En ⁄ TH, calbindin ⁄ DARPP-32 and Isl-1 ⁄ DARPP-32 was assessed in random fields in all available sections containing the graft within one series ( 500 cells) in four dES grafts and three-four pES, and results are expressed as percentages. HNA staining was used to delineate the graft borders and to confirm the identity of the primate neurons at the graft ⁄ host interface.
All data are presented as mean ± SEM. Simple regression analyses were performed to evaluate the correlation between behavioral recovery and surviving TH + neurons. Comparisons between the groups were performed using one-way anova, and the effect of the graft on amphetamine rotation over time was evaluated using repeated-measures anova. Statistical analyses were performed using Statview software (SAS Institute, Carny, NC, USA).
Results
ES cell differentiation.
We used a sequential induction protocol to differentiate primate ES cells into midbrain-like DA neurons and transplanted the cells at two maturation stages, at day 28 (progenitors, pES) and day 42 (differentiated neurons, dES). At both stages, half of the cell culture dishes were treated with mitomycin C immediately before harvesting, as described . For each cell preparation used for transplantation, control cells were re-plated on glass coverslips and fixed 3 days later for immunohistochemistry. After replating, there was no significant difference in the number of TH + neurons ( 1-2% of the total cell number) between the two stages, but TH + neurons present in cultures prepared from pES cells displayed shorter and less branched neurites than dES (data not shown). (Fig. 2D) , VMAT-2 + ⁄ TH -cells were also found (arrow). (F) TH + neurons in dES grafts expressed the homeobox transcription factor Engrailed (En, red, 93 ± 3%) and 45% of En + cells expressed TH (arrows in F point to En + ⁄ TH -cells) (G) Nuclear localization of En (red) in a TH + neuron is shown in an orthogonal reconstruction of serial confocal optical sections. (H) Nurr1 (red) was also expressed by TH + neurons. (I) Some TH + neurons in the grafts co-expressed the G-coupled inward rectifier K + channel 2 (Girk-2, red), which is preferentially expressed by midbrain dopamine neurons in the substantia pars compacta. (J and K) Some TH + neurons co-expressed calbindin (red) (J, arrow in K), which is highly expressed in the A10 dopamine subpopulations. Calbindin + ⁄ TH -neurons were also found in the grafts, but not in the areas of dense TH innervation (asterisk in J, see Fig. 4 ). cc, corpus callosum; V, ventricle. Scale bars: 500 lm (A); 50 lm (B-K).
Transplantation and functional analysis For each ES cell preparation a total of 100 000 cells were transplanted into the striatum of hemi-parkinsonian, 6-OHDA-lesioned rats. Rats were tested for d-amphetamine-induced rotation before and 6, 9 and 12 weeks post-transplantation (Fig. 1A and B) . Control experiments using fetal primate cells showed a progressive reduction of rotation 3-4 months after transplantation of fetal VM (Fig. 1C) , while cells from the LGE (Fig. 1C ) had no effect. Roughly 50% of the animals grafted with pES and 80% of the rats receiving dES showed some degree of improvement (Fig. 1A and B) . Based on previous data Normal specification of ES-derived DA neuron 1889 demonstrating the requirement of graft survival with a minimum number of surviving DA neurons for functional response to d-amphetamine )120-400 (Brundin et al., 1985 (Brundin et al., , 1988a Galpern et al., 1996; Annett et al., 1997) , only animals (from all shown in Fig. 1A and B) that had ‡ 200 TH + cells in the post mortem analysis are included in Fig. 1C . In this subgroup (n ¼ 15), the behavioral recovery at 12 weeks was similar to that seen with rats receiving fetal primate VM grafts (Fig. 1C) , and the number of TH + neurons in the graft correlated with the improvement in amphetamine rotation (r ¼ 0.5, P ¼ 0.05). This correlation was higher (r ¼ 0.73, P < 0.05) if we considered only dES grafted animals, in which there was no graft overgrowth that can interfere with motor performance.
Graft morphology and DA phenotype
All animals receiving pES had surviving grafts in the post mortem analysis, while graft survival was slightly lower (14 ⁄ 16) in the group receiving dES. Transplantation of pES resulted in the formation of very large grafts. Average graft volumes were measured on HNA staining and were slightly smaller for pES cells treated with mitomycin C (52 ± 8 mm 3 ) than for pES cells untreated before grafting (71.6 ± 6 mm 3 , F 1,19 ¼ 4, P ¼ 0.06). This group of animals was killed before the end of the study (11 weeks) because some animals (n ¼ 4) presented with lethargy, hemiparesis or weight loss. Some of these grafts were morphologically heterogeneous and contained pockets of PCNA + proliferative cells that did not co-express neural markers, including NeuN, NCAM, doublecortin, TuJ1 and glial fibrillary acidic protein (GFAP; data not shown), which were otherwise ubiquitously expressed. As we have previously reported (Sanchez-Pernaute et al., 2005), proliferation of primate forebrain neural progenitors after transplantation may result in large compressive grafts. However, we cannot exclude that, in some cases, pES grafts contained non-neural cells. Grafts from dES were significantly smaller (2.4 ± 1 and 5.9 ± 1 mm 3 with and without mitomycin C, respectively), and the effect of mitomycin C pretreatment was significant (F 1,12 ¼ 8.7, P ¼ 0.01). No graft overgrowths were observed in animals receiving dES.
In transplants derived from fetal primate VM, TH + neurons (Fig. 2) were located in clusters, close to the graft-host interface with large polygonal somas and complex neuritic branches (Fig. 2B) . TH + neurons were co-localized with the primate-specific marker NCAM clone eric1 (Fig. 2C ) and expressed VMAT-2 (Fig. 2D) . TH + neurons from fetal ( Fig. 2B ) and ES origin ( Fig. 3A and B ) displayed similar morphology with large cell bodies (18-20 lm) arranged in clusters in the periphery of the graft and extensive fiber growth. TH + neurons co-expressed the primate-specific nuclear antigen HNA (Fig. 3C) , the neuronal marker NeuN (Fig. 3D ) and typical DA markers such as VMAT-2 (Fig. 3E ), AADC and DAT (Sanchez-Pernaute et al., 2005; and not shown). TH + neurons expressed the midbrain-specific homeobox transcription factor Engrailed (En) (Fig. 3F and G) . In dES grafts 93 ± 3% of TH + neurons expressed En, while in pES grafts co-expression of TH and En was significantly lower (42 ± 7%; F 1,5 ¼ 49, P < 0.001), reflecting the presence of several DA subpopulations and the heterogeneous composition of the grafts. A subset of TH + neurons co-expressed Girk-2 (Fig. 3I) , which is preferentially expressed in midbrain DA neurons in the substantia pars compacta (Mendez et al., 2005) . Likewise, other TH + neurons co-expressed calbindin, which is found in midbrain subpopulations integrated in the limbic system ( Fig. 3J and K) . As we have observed in human fetal VM grafts and has been reported also for murine fetal VM, the TH ⁄ calbindin neurons were located medially in the graft (Fig. 3J) while TH ⁄ Girk-2 were more often located at the host-graft interface. Other calbindin + neurons were present in the graft, but were not particularly abundant in the TH + areas (see below).
There were no significant differences in the number of TH + neurons present in the grafts derived from pES and dES (344 ± 75, 225 ± 64, P > 0.5). There was, however, a significant effect of mitomycin C, which resulted in a reduction of TH + neurons survival (113 ± 30 and 418 ± 73, F 1,22 ¼ 14.8, P < 0.001), as in our previous study .
Qualitative and quantitative analysis of TH + fiber growth TH + fibers from transplanted dES neurons sometimes grew towards the host and innervated nearby striatal areas ( Fig. 4A and B) . This outgrowth was also observed in grafts derived from pES ( Fig. 5A and B) in spite of disruptive graft overgrowth. However, in all the grafts, patches of very dense TH + axonal arborization were found within the graft (Fig. 4B asterisks and Fig. 5C and D) . To identify the attractant factors directing such self-innervation or ingrowth and its functional relevance, we performed additional immunohistochemical characterization and quantitative analysis of these areas.
Grafted cells within the TH + highly innervated patches were positive for neuronal markers (NeuN, neurofilament NF70, Fig. 6A and B) and expressed the forebrain transcription factor Bf-1 (Foxg-1) ( Figs 4C and 5E ). However, Bf-11 expression was high also in contiguous areas that did not receive TH + axons (Fig. 4C) , indicating that only a subclass of Bf-1 + (forebrain) neuronal progenitors was attracting TH + neurites. We found a strong co-localization between TH + fibers and Bf-1 + DARPP-32 + neurons (Fig. 4F) . DARPP-32 is a DA and cyclic AMP-regulated phosphoprotein expressed by LGE progenitors during development and in medium-size spiny neurons in the adult striatum (Fig. 4J) . TH + fibers were preferentially, but not exclusively, directed towards graft-derived (co-expressing HNA, Figs 4G and H, and 7A-C) DARPP-32 + neurons (Figs 4D and E, 7A-C, and 5F, pES) and not to DARPP-32 + neurons in the host striatum ( Figs 4D, 7C and 5C ). The DARPP-32 + neurons within the graft hardly ever co-expressed calbindin (Fig. 4I) , while co-expression of calbindin by mature DARPP-32 + host striatal neurons was ubiquitous (Fig. 4I) . DARPP-32 + neurons in the grafts often coexpressed Isl-1 (Figs 4K and L, and 5F), which is present in LGE progenitors early during development, and is downregulated in adult (Isl-1, blue) . In the adult host striatum Isl-1 is expressed by large cholinergic interneurons (arrow) but not by medium-size spiny neurons (DARPP-32 +). However, within the graft (K and L) DARPP-32 + neurons often co-expressed Isl-1 (blue). Scale bars: 500 lm (A); 10 lm (H and L); 50 lm (C-G, I-K). medium-size spiny neurons while maintained in large cholinergic interneurons (Fig. 4J, arrow) (Wang & Liu, 2001; Chang et al., 2004) . The absence of calbindin and co-expression of Isl-1 by DARPP-32 + neurons indicated that these neurons were still immature (Wang & Liu, 2001; Chang et al., 2004) .
We next examined the expression of several transcription factors that are associated with forebrain regionalization. We failed to identify any specific pattern of distribution in areas with dense TH + fibers for cells expressing Nkx2.2 (diencephalic progenitors), Nkx2.1 (ventral forebrain medial ganglionic eminence) or Pax6 (dorsal telencephalic progenitors) (Fig. 6C and D, and not shown) . These results indicate that TH + neurons selectively innervated the LGE neurons that were present within the graft (HNA +, Figs 6E and 7A-C) .
Quantification of the number of DARPP-32 + progenitors in the graft and their relation with TH + fibers was performed in animals transplanted with dES (n ¼ 8). Using stereological software (Stereo Investigator) we generated maps of the distribution of DARPP-32 + clusters with respect to the TH + innervation for each animal of this group. Areas densely covered by thin TH + fibers (Fig. 7A , light gray areas in maps in Fig. 7D and E) occupied between 14 and 44% of the graft area. These areas did not include TH + cell bodies and thick sparse branches (mapped in dark gray in Fig. 7D and E), which represented between 3 and 21% of the total graft area. Topographically, the clusters of DARPP-32 + neurons coincided with areas of TH + innervation (> 95% n ¼ 8, Fig. 7F ).
Discussion
In this study we found that transplanted primate Cyno-1 pES-and dES-derived DA neurons can mitigate motor asymmetry in the 6-OHDA rat model of Parkinson's disease. Three months after transplantation the rats with successful ES-derived grafts recovered at a rate similar to primate fetal-derived VM neurons. ES-derived TH + neurons displayed typical morphology, and expressed midbrain DA transcription factors (Simon et al., 2003) and characteristic phenotypic markers of VM DA subpopulations (Mendez et al., 2005; Thompson et al., 2005) . dES grafts contained almost exclusively midbrain DA neurons (expressing En), while pES grafts had more diverse DA subpopulations (En +/)). Two recent studies have shown that longer in vitro culture times reduce the likelihood of teratoma formation from mouse (Fukuda et al., 2006) and human ES cells (Brederlau et al., 2006) . In this study we found that pES grafts (28 days in vitro) were larger and more heterogeneous than dES grafts (42 days in vitro), and contained clusters of proliferating cells that did not express neural markers at the time of analysis. However, rapid expansion of primate forebrain neural precursors can also result in large grafts (SanchezPernaute et al., 2005) . Grafts from pES and dES were different from fetal VM grafts, where all the donor cells in the graft have a similar regional specification. In contrast, ES-derived grafts contained more diverse neuronal populations, with different regional identity. In fact, our data demonstrate that ES-derived grafts resembled, in some aspects, fetal VM ⁄ LGE co-grafts.
DA axonal growth target specificity
Transplanted fetal neurons selectively re-innervate specific targets in the host brain (Schultzberg et al., 1984; Isacson et al., 1995 Isacson et al., , 2003 Thompson et al., 2005) , and fetal midbrain DA neurons are capable to form appropriate synaptic connections with medium-size spiny striatal neurons (Clarke et al., 1988) , their primary target. Axonal target specificity involves both target-derived trophic support and cell contact recognition of cell surface molecules (TessierLavigne & Goodman, 1996) , and neuronal identity is intimately linked to specific axonal path choices. Our analysis revealed that ES-derived DA neurons preferentially innervated graft areas with clusters of developing LGE neurons, the natural developmental target of midbrain DA neurons.
The presence of DARPP-32 immature neurons within the ESderived grafts may have contributed to robust axonal growth and arborization of the DA cells while, at the same time, potentially interfering with outgrowth. During development, expression of DARPP-32 precedes the arrival of TH + fibers and may act to attract or stabilize incoming TH innervation (Foster et al., 1987) . In vitro studies have shown potent trophic and tropic effects of striatal tissue and extracts on nigral DA neuron survival and function in different co-culture systems (Prochiantz et al., 1979 (Prochiantz et al., , 1981 di Porzio et al., 1980; Hemmendinger et al., 1981; Foster et al., 1987) . Such effects have also been documented in vivo in studies using co-transplantation paradigms into the adult brain (Brundin et al., 1986; de Beaurepaire & Freed, 1987; Yurek et al., 1990; Costantini & Snyder-Keller, 1997; Sortwell et al., 1998) . In those studies, the presence of fetal LGE cells in the graft seemed to improve DA neuron survival and promote axonal extension, as in vitro. The in vivo graft situation provides two striatal targets, one adult and one fetal, that can result in 'hyperinnervation' or 'ingrowth' of DA axons into the fetal LGE (Brundin et al., 1986; de Beaurepaire & Freed, 1987; Costantini & SnyderKeller, 1997; Sortwell et al., 1998) . In previous co-graft studies the effects on functional outcome were not marked (Yurek et al., 1990; Emgard-Mattson et al., 1997; Sortwell et al., 1998) . In this study we found that the densest patches of TH + fibers were located within the graft, in a very similar way to the dense and patchy DA hyperinnervation of the striatal component of the graft in the aforementioned fetal co-graft experiments. As described for fetal VM ⁄ LGE co-grafts in the eye (Stromberg et al., 1997) and in other transplantation paradigms (Holm & Isacson, 1999) , the attraction between axon and target is predicated on the interplay between factors related to developmental stages and donor-host age match. Our results demonstrate that axonal target selectivity is maintained by DA neurons derived from ES cells with a preference for their isochronic target, LGE, over the mature (anisochronic) host striatum.
Functional capacity of transplanted neurons
The correction of motor asymmetry was only apparent with the presence of ‡ 200 TH + neurons in the grafts. DA cell numbers, fiber outgrowth, graft composition and other factors such as location and Figs 4C and 5E) , we examined the expression of other regional forebrain transcription factors including (C) Nkx2.1 (red), (D) Nkx.2.2 (red) and Pax6 (not shown), which failed to co-localize to TH + areas. (E) These areas were located within the graft and most cells expressed the primate-specific human nuclear antigen (HNA, red). Scale bars: 50 lm. showed a similar pattern of dense tyrosine hydroxylase (TH) innervation within defined areas of the graft. TH immunostaining revealed some limited outgrowth into the host (A, boxed area is magnified in B) and dense patches within the graft (C, boxed area magnified in D). (E) As in dES-derived grafts (Fig. 4) , within the graft [human nuclear antigen (HNA) +, blue] TH fibers innervated brain factor (Bf)-1 + (red) neurons, and (F) coincided with clusters of dopamine and cAMP-regulated phosphoprotein (DARPP)-32 + (red) ⁄ Isl-1 + (blue) neurons. Scale bars: 500 lm (A and C); 50 lm (E and F). Fig. 3B, asterisks) , and the regions in dark gray delineate the areas where the TH + cell bodies are (for morphological delineation of these areas, see Fig. 3A and B). (F) Quantification of DARPP-32 + neurons distribution was done on each map, and the percentage of DARPP-32 + neurons present inside and outside TH-innervated areas is shown for each animal. Almost all (95 ± 2.7%) DARPP-32 + neurons were located within TH-innervated areas, supporting a strong attractive effect of DARPP-32 + neurons and TH + fibers. Scale bar: 150 lm.
host immune response can modulate the outcome of transplants (Dunnet et al., 1983; Brundin et al., 1988b; Mandel et al., 1990; Isacson et al., 1998) . DA neurons derived from mouse ES cells are capable of restoring motor function in the rat hemi-parkinsonian model (Bjorklund et al., 2002; Kim et al., 2002) in a similar way to fetal VM DA neurons. However, these murine functional grafts contained thousands of DA neurons. A recent study (Yurek & Fletcher-Turner, 2004 ) directly compared the effects of mouse fetal and ES-derived DA neurons in grafts containing similar low numbers of DA neurons. ES cell-derived DA neurons appeared somewhat less efficient but, unfortunately, the latest time point examined in that study was 4 weeks and it is possible that neurons derived from ES cells require more time to mature (Bjorklund et al., 2002) . In contrast, our data do not support the idea that DA neurons derived from ES cells have limited functional capacity (Bjorklund et al., 2002; Kim et al., 2002) . In recent studies survival of grafted DA neurons derived from human and primate ES cells, and therefore behavioral improvement, was rather limited (Buytaert-Hoefen et al., 2004; Schulz et al., 2004; Park et al., 2005; Sanchez-Pernaute et al., 2005; Brederlau et al., 2006 ). Here we demonstrate that DA neurons derived from primate ES cells can compensate, when graft survival is sufficient, amphetamineinduced rotation.
In conclusion, transplanted DA neurons derived in vitro from primate parthenogenetic ES cells have characteristics similar to fetal VM neuroblasts, can function in vivo and show a correct midbrain phenotype and specific axonal target selection. However, ES-derived grafts have much more tissue heterogeneity than the fetal regionally specified DA neurons. Sequential exposure in vitro to inductive signals, as in this protocol, results in a relative enrichment in midbrain DA neurons, but it is not sufficient to obtain an adequate population for cell replacement therapies. Further selection and cell purification steps are therefore required for a cell therapy based on ES-derived DA neurons.
